We examined the hypothesis that genetics-based interactions between strongly interacting foundation species, the tree Populus angustifolia and the aphid Pemphigus betae, affect arthropod community diversity, stability and species interaction networks of which little is known. In a 2-year experimental manipulation of the tree and its aphid herbivore four major findings emerged: (i) the interactions of these two species determined the composition of an arthropod community of 139 species; (ii) both tree genotype and aphid presence significantly predicted community diversity; (iii) the presence of aphids on genetically susceptible trees increased the stability of arthropod communities across years; and (iv) the experimental removal of aphids affected community network structure (network degree, modularity and tree genotype contribution to modularity). These findings demonstrate that the interactions of foundation species are genetically based, which in turn significantly contributes to community diversity, stability and species interaction networks. These experiments provide an important step in understanding the evolution of Darwin's 'entangled bank', a metaphor that characterizes the complexity and interconnectedness of communities in the wild.
Introduction
Understanding the factors that contribute to the structure and stability of communities has a long history in ecological theory [1] . While often viewed as an emergent property owing to its seemingly endless complexity, recent research shows that the intraspecific genetic variation in the multivariate traits of plants can define a diverse community of organisms from microbes to vertebrates [2, 3] , and that the genetics-based interactions of a few strongly interacting species can define a much larger community [4] [5] [6] . These genotypic effects can be so consistent and long-lasting that individual herbivore species can become locally adapted to unique plant genotypes [7, 8] . Furthermore, community stability or the tendency for species composition to stay the same over time has been found to be, in part, based upon the underlying genetics of individual plant genotypes [5] . Because climate change and introduced species can represent agents of selection acting upon plant populations [9, 10] and the communities they support [11, 12] , these disturbances are likely to alter the interactions of key species that define the composition, diversity and stability of whole communities and can even affect species co-occurrence and community network structure [13] . It is therefore increasingly important to understand the mechanisms, drivers and species interactions that contribute to complex community properties like diversity, stability and community network structure.
It is widely accepted that individual species differ in their interaction strengths and their influence on other community members (review by Ellison et al. [14] ). Species that are recognized as community and ecosystem 'drivers' are widely referred to as foundation, keystone, ecosystem engineers, dominant, core or structural species ( [15] [16] [17] [18] [19] [20] , respectively). These terms have similar meanings and all refer to species of large effect, such that their loss from an ecosystem would have significant effects on other species and ecosystem processes. Ellison et al. [14, p. 2] argued for the general adoption of Dayton's concept [15] in which a foundation species is defined as 'a single species that defines much of the structure of a community by creating locally stable conditions for other species, and by modulating and stabilizing fundamental ecosystem processes'. Cottonwoods are foundation riparian trees in the American west that are the focus of conservation because of climate change, loss of habitat to invasive exotics [21, 22] and the large number of species that are dependent upon them for their survival (e.g. Bangert et al. [23] ). Similarly, several studies have shown that aphids, and specifically the gall-forming aphid, Pemphigus betae, is a foundation herbivore species because of its impacts on a much larger community of organisms (e.g. Dickson & Whitham [24] ). While many studies have demonstrated the effects of foundation species on their associated communities, little is known about how these foundation herbivore species interact with the genetic variation in foundation plants. Because community structure and biodiversity are, in part, driven by the genetics-based interactions of foundation species, it is crucial to understand how foundation species loss may affect community disassembly [25] , and how global change [26] may affect the interactions of foundation species and the communities they structure.
To address these questions, we focus on how genetic variation in foundation species affects other community members and how genetics-based interactions of multiple foundation species can potentially drive an associated community and alter community network structure. Keith et al. [5] proposed the Interacting Foundation Species (IFS) hypothesis in which the genetics-based interaction of two or more foundation species affects a much larger community. While that study lacked the experimental design to confirm or falsify this hypothesis, here we present findings from common garden experiments explicitly designed to address how the interaction of two foundation species affects community assembly, stability and structure. It is especially important to identify the genetic components of important species interactions as they are subject to natural selection and important for understanding the evolution of complex communities.
To test our hypothesis, we used genetic replicates (i.e. clones) of individual tree genotypes representing a continuum of aphid susceptibility in a common garden where survival ranged from 0-85% and is normally distributed. Because Compson et al. [27] showed that tree susceptibility to aphid galling accounted for approximately 63% of the variation in sink strength relationships, and Rehill & Schultz [28] showed that invertase was strongly associated with gall size and aphid performance, we hypothesized there would be a significant relationship between the aphid and genetically controlled traits of the tree. Using association mapping, Zinkgraf et al. [29] then identified three candidate genes linked with resistance traits that limit the ability of these aphids to create artificial resource sinks. While multiple gene loci are probably involved, this finding demonstrated two loci that explained 18% of the variation in tree resistance and both were associated with sink-source relationships. To quantify the community consequences of the genetics-based interactions of trees and aphids, we experimentally removed colonizing aphids and examined several arthropod community traits, such as arthropod abundance, species richness and Shannon's diversity index across a 2-year period. We also examined the impact of aphids on community network structure; using the methods of Lau et al. [30] , we performed arthropod community network analyses of 10 different tree genotypes. We predicted that if community diversity and stability were related to tree genotype and susceptibility to the aphid, then the network structure of interacting species would also respond to differences in aphid abundance (i.e. treatment). In other words, we expected that the exclusion of a foundation herbivore on tree genotypes that differed in their genetic-based resistance to aphids would not only differentially affect community composition, richness and abundance, but also the network of co-occurring species and its stability. Linking the genetic-based interactions of foundation species with multiple community metrics would represent an important step in understanding the complexity, interconnectedness and evolution of complex communities.
Material and methods (a) Experimental garden studies
To experimentally separate the effects of aphids and tree genotypes on community composition, stability and community networks, we designed an aphid exclusion experiment using four replicates each of 10 individual tree genotypes with varying levels of aphid resistance in a common garden. The common garden contains replicated genotypes of Populus angustifolia trees collected from along the nearby Weber River. All tree genotypes were clonally replicated and grown at random within the garden to minimize environmental variation and spatial autocorrelation. The common garden was 16 years old at the time of our study and located at the Ogden Nature Center in Ogden, Utah. This cottonwood is a foundation species of riparian habitats and is widely distributed throughout the Rocky Mountains of the United States and southern Canada [31] .
For our treatment, aphids were removed from individual branches of each tree while aphids were allowed to naturally colonize other paired branches that served as controls. Branches were selected by diameter to standardize for leaf area [32] , where branch diameter 35 mm ¼ approximately 200 shoots. This experiment allowed us to control tree genotype and local environment, while only varying the presence or absence of aphids to quantify the individual and combined effects of tree genotype and aphids on arthropod community composition and stability.
(b) Aphid exclusion treatment
The life cycle of P. betae allowed for a simple method to intercept flightless, gall-forming stem mothers. Stem mothers are the products of sexual reproduction that occurs in the year prior to gall formation. They are the portion of the aphid's life cycle that oviposit into leaf petioles and which, if successful, leads to gall formation. Once stem mothers hatch from overwintering eggs at the base of the tree, they migrate by walking up the trunk and out onto the branches to leaf buds that are just breaking during spring leaf flush. By applying tape covered with a sticky substance on our treatment branches, we were able to stop most aphid stem mothers from reaching the branches and initiating galls. An approximately 12.7 mm deep by 25.4 mm wide coating of Tangle-Trap insect trap was used around the base of each treatment branch. To minimize the effects of our treatment on other arthropod species, Tangle-Trap was applied in mid-March just before bud break, when leaves were just beginning to expand rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162703 and before most other arthropod community members were active. The Tangle-Trap was removed two weeks later after most aphid stem mothers had initiated galling. Few colonizing stem mothers were able to circumvent this method of exclusion, so the treatment was very effective at making low densities of galls on susceptible trees resemble resistant trees (see the electronic supplementary material, figure S2 ). Additionally, any galls that were found on control branches were removed by being trimmed off of the leaf petiole one month prior to sampling and without killing the associated leaf. We found that very few non-aphid arthropods were captured in our treatment and all arthropod sampling was conducted approximately two months after removal of the Tangle-Trap.
(c) Arthropod sampling
A visual census of arthropods was taken using the methods of Keith et al. [5] . Equal diameter branches were selected to standardize for leaf area and chosen to be in a north/south opposition. Control and exclusion (treatment) branches were surveyed at the same time of day on different days to lessen the effects of disturbance. Unknown arthropods were collected and later identified to species or morphospecies within a family, genus or species (electronic supplementary material), representing 139 species, 61 families, 15 orders and three trophic levels (herbivores, predators and parasites). The community was sampled once per year during the month of June at a time when previous studies had shown that community diversity was at its greatest [33] . We performed all surveys within a two-week period (7th -21st) under similar weather conditions and times of day. Visual censuses of arthropods were conducted for each tree over 20 min periods or until all survey branches had been examined (sensu Wimp et al. [34] ). Trees within the garden were surveyed randomly to minimize any potential time-of-day effects. Because plant ontogeny affects arthropod communities in this system [35] , we standardized developmental factors by surveying branches only in the non-flowering, juvenile portion of each tree.
(d) Network modelling and analysis
Previous work has demonstrated that genetic variation within a foundation species can impact network structure, with genetic variation tending to form modules (groups of species that tend to interact more strongly) [30] that contribute to stability in communities [36] . We used a network approach to examine the impact of P. betae removal on the complex set of interactions in the cottonwood-arthropod community. To do this, we constructed tree genotype by arthropod species adjacency matrices using the average observations of the community across two years of aphid removal treatments. Previous studies have also shown that a connection between modularity and community stability may depend on the interaction type [37] and how a community is compartmentalized into subsystems [37] [38] [39] . We chose to focus our analyses on the amount of modularity within communities.
Modularity was calculated using the metric initially developed by Newman [37] and extended to bipartite or two-mode networks [40] . To test for the significance of the observed modularity, we compared the observed modularity for both the control and removal networks to the modularity of simulated communities using a standard null modelling approach [41] . We chose to use the most conservative null model, which preserved the marginal frequencies (i.e. the total number of arthropod species on each tree as well as the total abundance of each arthropod across all trees) [42] . We also calculated the contribution of P. betae to the structure of each network using the null vector of P. betae from the simulated communities [43] . We used a total of 5000 null communities using a sequential swap algorithm with a 100-simulation burn-in. We calculated standardized statistics (z-values) and one-tailed, directional p-values using the modularity of the null communities to test for whether or not the observed modularity or P. betae contribution to modularity was greater than the simulated communities.
(e) Statistical analyses
To examine differences in arthropod richness and abundance between tree genotypes and our treatment, we used a general linear model (GLM). Our multivariate full model contained tree genotype, treatment, year and the factor of aphid abundance nested within treatment as predictor variables and was run independently for arthropod richness and abundance as univariate response variables. Interaction effects (genotype Â treatment, genotype Â year) were initially tested for and found to be nonsignificant and hence were not included in the final full model. Arthropod richness and abundance data were calculated by summing the number of species and individuals on each branch. Because it was a part of our treatment, and because its high abundance can make detecting differences in the abundance of other species difficult, P. betae was not included in arthropod abundance analyses. We also removed very rare arthropod species (i.e. species that were found in less than 5% of samples) that might contribute to 'statistical noise' in species richness analyses. Without P. betae abundance these data were normally distributed, making transformation unnecessary.
To examine differences in arthropod community stability, we used Bray-Curtis similarity scores [44] and standard analysis of variance tests (ANOVA). By examining the effects of removing and allowing natural aphid colonization on different branches of the same trees for each of the 10 tree genotypes, we could compare how a biotic disturbance affects arthropod community similarity across years, a surrogate for community stability. We examined arthropod communities on the same treatment and control branches on each tree for 2 years and calculated a Bray-Curtis score for each branch of all replicates of each tree genotype.
Because the presence and abundance (i.e. density) of the aphid P. betae have been shown to affect arthropod species richness, abundance and diversity, and tree genotypes have been shown to vary in their susceptibility to the aphid [5, 34] , we used linear regression of paired differences to examine our treatment effect while also accounting for variation in aphid abundance owing to differences in tree genotype susceptibility. To compare the effects of our treatment among the different tree genotypes varying in their susceptibility, we used a paired differences test for each tree replicate. We calculated differences for both species richness and arthropod abundance between treatment and control branches for each replicate of each tree genotype and for each year. Similarly, we also calculated differences in aphid abundance among treatment and control branches for each tree replicate of all tree genotypes for each year. We then used standard linear regression with genotype mean differences in aphid abundance as a predictor variable and genotypic mean differences in arthropod species richness and abundance as response variables. Paired difference calculations for both richness and abundance were standardized by using the global means of each.
Shannon's (H') was used to assess differences owing to treatment in arthropod community diversity. Using the methods of Jost et al. [45] , H' was transformed to 'effective number of species' for comparisons across treatments. ANOVA was then used to test for differences in diversity among tree genotypes. To calculate an aphid effect size for arthropod community similarity, we used Cohen's d [46] , defined as: (d ¼ x 1 À x 2 =s) where (s) is the pooled standard deviation for two independent samples and is defined as: S ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
cal packages used for these analyses were JMP 12 pro [47] and PCORD5 [48] . All network modelling and analyses were conducted in R v. figure S1 ). As expected, owing to previous studies that have shown the importance of aphid densities in affecting aphid reproduction and survival [50] and because differences in aphid density do occur across years [51] , we examined total aphid abundance across all trees for each year. While densities were different among years, when we compared total densities to previous studies, we found our study years supported what would historically be considered low-medium aphid density in year one and medium-high density in year two [52] . Owing to the significant differences among years in our study, we expected the effects of our exclusion treatment to be stronger in year two when aphid density was greater.
(b) Experimental aphid removal
Consistent with our hypothesis that the genetics-based interactions of the tree and galling aphids would influence a large, multi-trophic arthropod community, we found mean differences in arthropod species richness, abundance and Bray-Curtis similarity scores among tree genotypes. We constructed reaction norms showing consistent differences in these community traits between treatment (aphid removal) and control branches of individual tree genotypes for each year (figure 1). Examining individual tree genotypes, we found that control branches (i.e. with aphids and galls) supported up to 46% greater arthropod abundance (F 1,158 ¼ 3.97, p , 0.0001) and up to 38% higher species richness (F 1,158 ¼ 3.04, p ¼ 0.0004) than adjacent treatment branches where aphids had been experimentally excluded in early spring before they had a chance to initiate a gall.
As expected, we found that tree genotype, treatment and year were significant predictors of differences in arthropod species richness and abundance. Having a balanced experimental design, we used a GLM to examine the effects of genotype, treatment (aphid presence), year and aphid abundance (i.e. density) nested within year to examine the amount of variation in richness and abundance that could be explained by each. Our full model found that tree genotype, year and aphid abundance within treatment were significant predictors of arthropod species richness (genotype: p , 0.0001, treatment: p ¼ 0.015, year: p ¼ 0.002, aphid abund, [trt]: p ¼ 0.06) (table 1), while all interaction terms (G Â T, G Â Y) were not significant. Similarly, using the same predictors to examine arthropod abundance, we found tree genotype, year and aphid abundance within treatment were all significant factors (genotype: p ¼ 0.001, year: p ¼ 0.0003, aphid abund, [trt]: p ¼ 0.04)) (table 1). Although genotype and year were significant predictors, the presence and abundance of the aphid was also a significant effect and supports our hypothesis that it is the interaction of two species (i.e. tree and aphid) that determines arthropod richness and abundance.
(c) Paired differences and aphid abundance effects Using a paired difference test, we found that differences in arthropod species richness and abundance between our exclusion and control branches was positively correlated with differences in aphid abundance among treatment and controls (figure 2). We calculated differences in arthropod richness and abundance, for treatment and control branches for each tree replicate, and paired them with differences in aphid abundance for their respective replicate. We found that in year one, when aphid density was lower, genotype mean differences in arthropod abundance and richness Figure 1 . Reaction norms showing differences in arthropod abundance and species richness for years one and two for 10 individual tree genotypes with and without the presence of the aphid Pemphigus betae. Arthropod communities respond differently to the presence of P. betae on different tree genotypes, supporting the Interacting Foundation Species hypothesis that both tree genotype and the aphid define the community properties of abundance, richness and stability (tree genotypes ordered from least-to most aphid-susceptible).
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were not significantly correlated with differences in aphid abundance. However, in year two, when the total aphid density was higher across all trees, we found that differences in both species richness and abundance were significantly correlated with differences in aphid abundance ( p ¼ 0.007, R 2 ¼ 0.61). This result again supports our hypothesis that both tree genotype and the aphid determine arthropod community richness and abundance, and suggests the combination of the two species interacting is responsible for differences in the composition of the community (figure 2).
(d) Community diversity, stability and aphid effect size
Our analysis of differences in community diversity owing to treatment (i.e. aphid control and exclusion branches on the same trees), which incorporated 139 species from three trophic levels were similar to abundance and richness findings reported above. To assess evenness of communities across genotypes (i.e. community diversity), we calculated differences in Shannon's diversity index (H') among treatment and control branches on all tree genotypes. We found that the effect of tree genotype on diversity was significant in year one (F 1,9 ¼ 2.28, p ¼ 0.028), and our treatment was not. However, in year two, both genotype and treatment were significant factors affecting the diversity of arthropods, with treatment being a slightly stronger effect (genotype; Figure 2 . Linear regressions of paired differences among treatment and control branches for arthropod species richness and abundance and differences in aphid abundance. Differences in genotype mean richness and abundance were regressed with their respective paired differences in aphid abundance for each replicate of each tree genotype and then averaged. In year one when aphid density was lower, differences in arthropod abundance and richness were not significantly correlated with differences in aphid abundance. In year two when aphid abundance was higher, differences in arthropod abundance and richness were highly correlated with differences in aphid abundance. aphid density years both tree genotype and aphid density can influence complex community traits such as diversity. Because resistant tree genotypes create conditions similar to low aphid density years, this result demonstrates that a genetically determined interaction between two important species can have significant effects on the diversity of a large and diverse multi-trophic community. Also, consistent with our IFS hypothesis, we found that stability, a more complex community trait, is similarly dependent on species interactions and plant genetic factors. To quantify community stability, we used differences in BrayCurtis similarity to estimate the effects of the two-species interaction on the stability of the arthropod community for each individual tree genotype across 2 years (figure 3). We found that the presence of the aphid increased the average stability of the community across years with the most susceptible tree genotypes experiencing up to a 54% more similar (i.e. stable) community on aphid-colonized branches (controls) than on aphid-excluded branches across years. Similar to our paired differences tests for richness and abundance, when we performed a regression of Bray-Curtis similarity score differences on treatment effect (i.e. differences in aphid abundance between control and exclusion branches), we found that larger differences in aphid abundance from treatment to control were correlated with lower community stability as reflected by larger differences in similarity across years ( p , 0.01, R 2 ¼ 0.65; figure 4 ).
Because we observed an effect of aphid abundance on community stability and aphid abundance consistently affected multiple community traits (richness, diversity, stability), we calculated an 'aphid effect size' using 'Cohen's d'. As expected, we found a significant aphid effect size of d ¼ 1.16, r yi ¼ 0.50, which is considered a medium effect and suggests that approximately 60% of the arthropod communities found on control branches positively differ in their mean stability to communities found on exclusion branches. In other words, communities on branches with aphids are more stable through time than communities on aphid-excluded branches on the same tree genotypes. These results provide additional support for our hypothesis and suggest that a plant trait under genetic control, such as resistance to a herbivore, can be a significant factor in determining arthropod community stability.
(e) Community network structure Removal of P. betae altered cottonwood-arthropod interaction network structure in which aphids promote larger interacting groups of species (i.e. increased connectance and less network modularity) that are likely to remain more stable across years. Arthropod species interaction networks were constructed for both treatment and control branches for each individual tree genotype. The significance of modularity (i.e. the number of interacting groups of species) of each network was assessed by permuting the weight of the original network's edges to produce a set of 'null' communities that preserved the marginal totals (i.e. the total abundances) of both trees and species. Modularity was higher in exclusion networks and significantly different among tree genotypes from the null communities for the exclusion (modularity ¼ 0.2, p ¼ 0.001), but not for the control network (modularity ¼ 0.17, p ¼ 0.91), suggesting that the presence and abundance of the aphid was contributing to a decrease in community modularity (i.e. fewer groups of interacting species). As expected, and in agreement with the previous result, we found the contribution of P. betae to network modularity was low in the exclusion treatment (z ¼ 20.13) where differences in tree genotypes was significant, while in control networks P. betae tended to reduce modularity (z ¼ 20.65), while increasing species richness and 'interaction richness' (i.e. number of species links) within modules (figure 5a). This result suggests that susceptible trees with higher abundances of the aphid are likely to support more species and remain more stable across years (figure 4), further supporting the concept of the aphid as a foundation species.
Further analysis revealed that tree genotype contribution to modularity was impacted by P. betae removal. We observed a significant positive correlation between P. betae abundance and genotype contribution to modularity (Pearson's r ¼ 0.33, p ¼ 0.037) (figure 5b). This result, similar to our stability findings, further supports the IFS hypothesis and shows that when one foundation species is removed (i.e. the aphid is excluded) or when trees are resistant to aphids, the other foundation species (i.e. tree genotype) becomes a stronger predictor of arthropod community structure. Figure 3 . Reaction norm of community stability (Bray-Curtis similarity) across years. Arthropod community similarity among years was calculated independently for treatment and control branches of each tree genotype. Tree genotypes varied in susceptibility to the aphid Pemphigus betae, and differences are reflected by the slopes of the lines. Treatment ( presence/absence of the aphid) resulted in most tree genotypes supporting more similar communities ( positive slope) on control branches; however, more resistant tree genotypes showed little or no effect of treatment (negative or no slope). This illustrates that it is a combination of tree genotype and the presence or absence of the aphid that can influence the complex community trait of stability. Figure 4 . Linear regression of community stability, as defined by Bray-Curtis similarity across years, and treatment effect. Greater differences in Pemphigus betae between treatment and control branches on individual genotypes was correlated to greater differences in community stability on the same tree genotype(s).
Discussion (a) Genetics-based interacting foundation species hypothesis
In this study, we hypothesized that the genetics-based interactions of the foundation tree species and one of its primary herbivores involving at least two different candidate genes that affect resistance [29] would influence the abundance, richness, stability and interaction network of a large multi-trophic community of arthropods. While there have been other studies showing that aphids have important community and ecosystem consequences [53] , and that intraspecific genetic variation in cottonwoods defines the structure of very different communities ranging from soil microbes to lichens and arthropods [54] , this study experimentally shows that the combined genetics-based interactions of two strongly interacting foundation species have even more pronounced effects on defining community structure (see related aphid/plant studies [4, 24] ). Studies with other strongly interacting species also support these findings. For example, Gehring et al. [11] found that shrub removal altered the ectomycorrhizal fungal communities of insect-resistant pinyon pines, but not insectsusceptible pinyons. Thus, genetics-dependent plant-plant interactions played a significant role in defining important fungal mutualists. Similarly, Busby et al. [6] found that a leaf pathogen had a major effect on the canopy arthropod community of susceptible cottonwood trees, but not resistant trees. If the IFS hypothesis (i.e. genetics-based interactions of relatively few strongly interacting species define community structure) is found to be generalizable to many systems, it would provide an important window on ecology and evolution of complex communities that otherwise might seem intractable. In this case, by focusing on the much smaller playing field of strongly interacting species rather than the whole community, we were able to account for a significant portion of the variation in community aphid present aphid absent Figure 5 . (a) Differences in arthropod community networks on a single tree genotype with the aphid Pemphigus betae (control) and without the aphid (exclusion). Each node is a species (numbers correspond to individual species). Lines indicate significant co-occurrences, while dashed lines indicate significant negative co-occurrence between species. Networks indicate that arthropod communities on trees with the foundation herbivore (P. betae) contain higher species richness, increased connectance (i.e. more species co-occurrences), higher interaction richness (i.e. number of links in a network) and increased modularity (i.e. number of interacting groups). (b) Contribution to modularity (Z, means þ 1 s.e.) of each tree genotype was correlated with observed Pemphigus betae abundance on the removal and control branches. As the treatment effect (i.e. change in the aphid abundance) increases, the change in a tree genotype's contribution to network modularity increases, shown by the best fit regression lines for the control (black) and removal (grey) trees. The black regression line is the fit for only P. betae-susceptible genotypes, while the red regression line was fit with resistant genotypes (red symbols). The change in sign between control treatments for susceptible and resistant genotypes ( positive to negative, respectively) demonstrates the importance of the genetic basis of the interacting foundation species to network structure.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162703 structure and stability. For arthropod richness, the interaction of tree genotype and aphids accounted for approximately 30% of the total variation, while for arthropod abundance it accounted for approximately 40%. Our experimental findings argue that the presence and abundance of the aphid predictably altered several complex community properties. By demonstrating that when a foundation herbivore is removed, tree genotype becomes a stronger predictor of community traits is strong support for our IFS hypothesis. Most importantly, the fact that these community effects were tree genotype-and aphid density-dependent based on the tree's quantitative variation in resistance to aphids supports a genetics-based IFS hypothesis where two foundation species interact to affect the composition and stability of a large community.
The results confirm the following: (i) the presence and abundance of a foundation herbivore is associated with a positive effect on the resulting richness, diversity and stability of the associated community; (ii) genetic-based variation in resistance to the herbivore indirectly influences the diversity and stability of large arthropod communities across years; and (iii) the community network structure of multiple interacting species is influenced by the genetics-based interaction of two foundation species. While many studies have shown the effects of a single dominant or foundation species on its associated community, our experimental findings demonstrate that, in this system, complex community traits can be better understood using an IFS and a community genetics approach.
(b) Genetic basis of community stability
While a genetic basis to community stability has previously been shown [5] , for the first time to our knowledge, this study experimentally partitions these effects into plant genetic, herbivore presence, temporal variation and herbivore density. By partitioning these effects, we can better evaluate the drivers that contribute to assembly of complex communities and more clearly understand the evolution of Darwin's 'entangled bank' [55] . With this study, several significant findings emerged. First, genetically susceptible trees supported higher aphid densities and more stable communities than resistant trees. Second, on aphid-susceptible tree genotypes the presence of aphids had a positive effect on stability, but with aphid removal stability declined. Third, the interaction of plant genotype and aphids affected diversity and stability but was also density-dependent. Fourth, on different tree genotypes, as aphid abundance increased, so did community stability. We emphasize that aphid abundance is also a heritable trait of individual tree genotypes in which colonizing aphids consistently concentrate at higher densities on the most susceptible trees [5] . Finally, repeated measures of resistance traits of individual tree genotypes reveal that resistance to gall aphids is highly correlated across a 20-year period (r ¼ 0.80, p , 0.0001) [28] . These findings argue that gall aphid-plant interactions of individual tree genotypes can be very consistent over time, which probably increases the probability that their associated communities would be more fine-tuned to individual tree genotypes relative to hypothetical tree genotypes where such interactions of foundation species were less predictable. With this knowledge, we know more about the fundamental drivers of community assembly and can begin to understand how they interact with structure communities rather than considering community metrics of diversity and stability as nearly unknowable emergent properties of ecosystems.
In combination, our results demonstrate that genetically based traits affecting the resistance of one foundation species to the interactions with a second foundation species contributes to the complex community properties of diversity and stability. If genetic differences in foundation species lead to predictable changes in community stability as we have found, then community properties such as diversity and stability can be placed within an evolutionary framework that is subject to natural selection. If, for example, important tree genotypes are lost owing to non-random mortality with climate change [11] , or the synchronous timing of bud break and aphid stem mother emergence are altered owing to climate change [56] , instability may be introduced into the system and result in significant effects on community traits and dynamics. Accounting for genetics-based species interactions will allow for more predictable results in restoration plantings and a better ability to promote the diversity, stability and network structure of important communities that should lessen the loss of biodiversity.
(c) Networks and interactions
The architecture of ecological networks and its relationship to community stability have previously been shown to be important for understanding the composition and stability of complex communities [36] . This study empirically demonstrates that the interactions of two strongly interacting species can have major effects on the complex community trait of network structure of the many associated species (figure 5). Therefore, if genetic variation in a foundation species is lost owing to anthropogenic activities, or natural selection disrupts these relationships, they will probably result in changes to the network structure of large communities of associated organisms. Our finding that the network structure of ecological communities (as measured here by network modularity) can be determined by a two-species interaction suggests that a decrease in abundance or the loss of either species will affect the network structure of such communities, which will affect the stability of those communities. Also, our findings that changes in species interaction networks are influenced by susceptibility to a foundation herbivore that promotes stability suggest that it may be possible to use species network structure as a predictor of community stability. Because community stability is often desirable in restoration efforts and conservation of network structure is becoming increasingly called for [13] , studies examining network structure are needed [3] and will probably be helpful in selecting plant genotypes used in restoration.
(d) Summary
Our study shows that to gain a better understanding of the genetic contributions to complex community traits such as diversity, stability and network structure, an examination of the interaction of relatively few strongly interacting foundation species may capture much, up to 40% or more, of the important variation. Furthermore, as important community metrics are experimentally linked to candidate genes that affect key plant functional traits such as sink -source relationships [29] [30] [31] , our understanding of the genetic basis of these traits is greatly enhanced and can be evaluated in an evolutionary framework. From a conservation perspective, understanding the genetic underpinnings of these rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162703 community traits may have great value in conserving biodiversity and enhancing community stability in a world facing great global change challenges.
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